Background-Exposure to disturbed flow, including oscillatory shear stress, stimulates endothelial cells (ECs) to produce bone morphogenic protein (BMP) 4, which in turn activates inflammation, a critical atherogenic step. BMP activity is regulated by the level of BMP antagonists. Until now it was not known whether shear also regulates the expression of BMP antagonists and whether they play a role in EC pathophysiology. Methods and Results-BMP antagonists follistatin, noggin, and matrix Gla protein were expressed in cultured bovine and human arterial ECs. Surprisingly, oscillatory shear stress increased expression of the BMP antagonists in ECs, whereas unidirectional laminar shear decreased such expression. Immunohistochemical studies with mouse aortas showed data consistent with in vitro findings: Only ECs in the lesser curvature exposed to disturbed flow, but not those in the greater curvature and straight arterial regions exposed to undisturbed flow, showed coexpression of BMP4 and the BMP antagonists. Similarly, in human coronary arteries, expression of BMP4 and BMP antagonists in ECs positively correlated with the severity of atherosclerosis. Monocyte adhesion induced by oscillatory shear stress was inhibited by knockdown of BMP4 or treatment with recombinant follistatin or noggin, whereas it was increased by knockdown of follistatin and/or noggin. Conclusions-The present results suggest that ECs coexpress BMP antagonists along with BMP4 in an attempt to minimize the inflammatory response by oscillatory shear stress as part of a negative feedback mechanism. The balance between the agonist, BMP4, and its antagonists may play an important role in the overall control of inflammation and atherosclerosis.
A therosclerosis is an inflammatory disease that occurs preferentially in branched or curved arterial regions exposed to disturbed flow conditions such as low mean and oscillatory shear stress (OS). [1] [2] [3] [4] [5] [6] In contrast, straight portions exposed to undisturbed laminar shear stress (LS) are relatively lesion free. The mechanisms by which disturbed and undisturbed flow conditions initiate or prevent inflammation and atherosclerosis are likely to involve both acute and chronic responses of the cells. 5, 7 Recently, numerous groups, including ours, have carried out microarray studies to identify the genes that change in response to OS versus the genes that change in response to LS. 1, 8, 9 
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Through a transcript profiling study and subsequent functional studies, we discovered that OS induces inflammation by production of bone morphogenic protein (BMP) 4 in endothelial cells (ECs). 10 Further studies have shown that BMP4 stimulates the expression and activity of NADPH oxidase requiring p47phox and Nox-1 in an autocrine-like manner. 10, 11 The NADPH oxidase activation by BMP4 then leads to reactive oxygen species production, nuclear factor B (NFB) activation, intercellular adhesion molecule-1 expression, and subsequent increased monocyte adhesivity of ECs, 3,10,11 a critical early atherogenic step.
BMPs are members of the transforming growth factor (TGF)-␤ superfamily and are potent bone-inducing morphogens. 12 BMPs also regulate cell proliferation, differentiation, lineage determination, motility, and death. [13] [14] [15] [16] [17] Unlike shearsensitive BMP4, BMP2 is upregulated by TNF␣, H 2 O 2 , and high pressure. 18, 19 Both BMP2 and BMP4 have been found in calcified atherosclerotic plaques and aortic valve diseases, 20, 21 which suggests their importance in cardiovascular diseases. Moreover, we have shown that ECs overlying foam cell lesions expressed BMP4, but nondiseased ECs did not. 10 More recently, we have shown that chronic BMP4 infusion causes endothelial dysfunction in a vascular NADPH oxidase-dependent manner, which induces hypertension in mice. 22 In our in vitro and in vivo studies, the critical methods that we used to demonstrate the specific effect of BMP4 on endothelial function were targeted knockdown of BMP4 with small interference RNA (siRNA) and BMP inhibition by the antagonist noggin. 10, 11, 22 It was not known, however, whether ECs expressed endogenous levels of noggin or any of the other BMP antagonists.
BMP antagonists are secreted glycoproteins and include noggin, chordin, crossveinless-2 (CV2), follistatin, matrix Gla protein (MGP), the DAN/Cerberus, gremlin, and twisted gastrulation (Tsg). 23 Each antagonist has a different affinity for the various BMPs, and, once bound, they inhibit the interaction of BMPs to their cognate receptors. 24 -29 Thus, it is the goal of the present study to define whether the BMP antagonists are expressed in ECs, and, if they are, whether their expressions are regulated by shear stress and whether they play a role in inflammation and atherosclerosis. In the present study we used cultured ECs from both bovine aortas and human coronary arteries to demonstrate the expression of BMP antagonists in flow-, BMP4-, and atherosclerosis-dependent manners, as well as their implication in inflammation and atherosclerosis.
Methods
Recombinant human BMP4 (r-BMP4), recombinant noggin (rnoggin), and recombinant follistatin (r-follistatin) were purchased from R&D Systems (Minneapolis, Minn), and sources of antibodies are listed in the online-only Data Supplement. See the online-only Data Supplement for expanded Methods.
Endothelial Cell Culture
Bovine aortic endothelial cells (BAECs) were grown to confluence at 37°C and 5% CO 2 in Dulbecco's minimum Eagle's medium (DMEM; Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals, Norcross, Ga), heparin sodium (American Pharmaceutical Partners, Los Angeles, Calif), endothelial cell growth supplement, and minimum nonessential amino acids (Gibco). Cells from passages 7 to 11 were used. Human coronary artery ECs obtained from Clonetics (San Diego, Calif) were cultured in the EGM-2 bullet kit. 11
Reverse-Transcriptase Polymerase Chain Reaction Analysis
For reverse-transcriptase polymerase chain reaction analysis, total RNAs from BAECs were isolated and purified with use of the RNeasy kit (Qiagen, Valencia, Calif). Two micrograms of total RNA were subjected to reverse transcription with Superscript II (Invitrogen, Carlsbad, Calif). Aliquots of the cDNA pool obtained were subjected to polymerase chain reaction with use of specific primers (Data Supplement Table I) , and reaction products were resolved by electrophoresis on agarose gels.
Western Blotting
After experimental treatments, cell lysates and conditioned media were prepared and analyzed by Western blot analysis as described previously. 30, 31 
Shear Stress
Confluent monolayers of BAECs were exposed to physiologically relevant arterial levels of shear stress: steady unidirectional LS (15 dyne/cm 2 ), pulsatile LS (P-LS, 15Ϯ5 dyne/cm 2 ), or bidirectional OS without forward movement (OS, 0Ϯ5 dyne/cm 2 at 1-Hz cycle) or with forward movement (F-OS, 2Ϯ5 dyne/cm 2 at 1-Hz cycle) in serum-free media. This was done by rotation of a Teflon cone (0.5°c one angle), as described previously by our group. 3, 32 
Immunohistochemical Staining of Frozen Sections and En Face Preparations
For staining of frozen sections, fresh mouse aortas were excised from C57BL/6 mice (8-week-old males), placed in Tissue-Tek OCT compound, snap-frozen in liquid nitrogen, and stored at Ϫ80°C until used. Frozen sections of human coronary arteries were obtained from patients who underwent heart transplantations, as described previously. 10 Frozen sections (10 m thick) of mouse aortic arches and thoracic aortas as well as human coronary arteries were fixed in ice-cold acetone for 5 minutes, blocked for 1 hour with 10% donkey serum, and incubated with primary antibodies overnight at 4°C followed by rhodamine-conjugated secondary antibodies for 2 hours at room temperature. Nuclei were counterstained with DAPI (Vector Laboratories, Burlingame, Calif). All photographs were taken with a Zeiss (Jena, Germany) epifluorescent microscope. For en face staining, mice were euthanized by CO 2 inhalation, and the aortas were pressure-fixed with saline that contained 10% formalin. The aortas were carefully cleaned in situ, and the arches and thoracic aortas were dissected and stained with BMP4 and noggin antibodies (a gift from LabFrontier, Seoul, Korea), followed by rhodamine-conjugated secondary antibodies for 2 hours at room temperature. The aortas were then mounted on glass slides with Vectashield that contained DAPI (Vector Laboratories). The aortas were opened, and the lesser curvature (LC) and greater curvature (GC) of each arch were separated. En face images were collected with a Zeiss LSM 510 META confocal microscope.
Small Interference RNA Experiments
Nonsilencing siRNA was purchased from Qiagen. The sequences of specific siRNAs for bovine BMP4, noggin, and follistatin (MWG Biotech, Ebersberg, Germany) are shown in Data Supplement Table II . Transfection was carried out with Oligofectamine (Invitrogen), as we have described. 11 
Monocyte Adhesion Assay
After treatments, BAECs were washed with fresh media and incubated with fluorescently labeled THP-1 monocytes for 45 minutes at 37°C under no-flow conditions. Bound monocytes were determined by fluorescent microscopy as previously described. 10 
Statistical Analysis
Statistical analyses were performed with the SPSS software package (SPSS, Chicago, Ill). Data are presented as meanϮSEM (nϭ3 to 4). When significant differences were indicated by ANOVA, Bonferroni post hoc tests were performed for multiple comparisons. In this study, PϽ0.05 was considered statistically significant.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results

Expression of BMP Antagonists in ECs
To determine which BMP antagonists were expressed in ECs at the mRNA and protein levels, reverse-transcriptase polymerase chain reaction and Western blot analysis were carried out with cultured BAECs and human coronary artery ECs. We detected mRNA for chordin, CV-2, DAN, follistatin, gremlin, MGP, noggin, and Tsg but not cerberus in BAECs ( Figure 1A) . At the protein level we detected expression of follistatin, noggin (30 kDa), and MGP (17 kDa). Follistatin proteins were detected as 3 distinct bands between 40 and 45 kDa, as expected from the 3 known alternatively spliced forms. 33 Follistatin, noggin, MGP, and BMP4 were also easily detected in human coronary artery ECs ( Figure 1C ). As in BAECs, more follistatin, noggin, and MGP were found in the human coronary artery EC conditioned media than the cell lysate. These results suggest that follistatin, noggin, and MGP are expressed in ECs, and some are secreted into the media.
Differential Regulation of BMP Antagonists and BMP4 Expression by Shear Stress in ECs
To determine whether the expression of the BMP antagonists follistatin, noggin, or MGP was regulated by shear stress, we exposed BAECs to static, LS (15 dyne/cm . BMP4 was nearly undetectable in the conditioned media of BAECs exposed to LS, whereas it was abundantly expressed by the cells exposed to OS or static conditions ( Figure 2 , B and C). BAECs exposed to OS expressed Ϸ20% more BMP4 than that found in static cells. To our surprise, however, we found that the expression patterns of the 3 BMP antagonists were nearly identical to that of BMP4. The BMP antagonists were barely detectable in LS-exposed cells, whereas they were easily detected in static-and OSexposed cells. Approximately 24% and 38% more noggin and MGP, respectively, were found in cells exposed to OS than in static cells, whereas follistatin protein levels were similar in OS and static cells ( Figure 2 , B and C). To further determine which component of shear stress (direction change, amplitude, or pulsatility) plays a critical role in regulation of the expression of BMP4 and the BMP antagonists, the conditioned media of BAECs exposed to P-LS or F-OS was compared with that of static. As shown in Figure 2 , nonpulsatile LS was more inhibitory than P-LS at the same mean shear level, whereas bidirectional OS, regardless of forward-flow movement, had similar effects on the expression of BMP4 and the antagonists. The effect of F-OS on their expression was comparable to that of OS (Figure 2 , B, C, E, and F). In contrast, P-LS showed less potent (P-LS), OS without 0Ϯ5 dyne/cm 2 without net forward movement at 1 Hz frequency (P-OS), and OS with net forward movement, F-OS (2Ϯ5 dyne/cm 2 ). B and E, BAECs were exposed to St, LS, or OS (B) or to St, P-LS, or F-OS (E) for 24 hours. After treatments, equal volumes of conditioned media were analyzed with Western blots with antibodies to BMP4, follistatin, noggin, or MGP. Representative blots with their respective molecular masses (kDa) and Coomassie blue (CB) protein staining of the gels as loading controls are shown. C and F, The band intensities were quantified and expressed as % static control, and the bar graphs show meanϮSEM (nϭ3 to 4). *PϽ0.05 in comparison to St; #PϽ0.05 OS versus LS. inhibitory effects on the expression of BMP4 and the antagonists: P-LS inhibited expression of BMP4, noggin, follistatin, and MGP by 32% to 46% of the static controls (Figure 2 , B, C, E, and F). These results suggest that the unidirectionality and pulsatility of LS and the bidirectionality of OS, regardless of net-forward fluid movement, are critical shear components that play a key role in regulation of the levels of BMP4 and its antagonists. BMP4 and the BMP antagonists are coexpressed in mouse aortic endothelium located in disturbed flow regions but not in undisturbed flow regions. Figure 3A is a schematic diagram of the mouse aortic arch that illustrates the mean wall shear stress distribution. The vector diagrams indicate the time-varying changes in the direction and magnitude of wall shear stress throughout the cardiac cycle, as recently reported by our groups. 34 To show the time-varying shear directions and magnitudes in the locations where we collected samples used for the present staining studies, we carried out an additional computational study and modified our previously reported figure (see Figure 3 in the work by Suo et al 34 ), as shown in Figure 3A . The LC of the arch, which corresponds to proinflammatory and atheroprone regions, 34, 35 showed a remarkably OS pattern with a relatively low mean wall shear level, as expected ( Figure 3A) . 34 In contrast, the GC of the arch and the thoracic aorta (not shown, see Suo et al 34 ) displayed a mostly undisturbed flow profile with predominantly unidirectional and relatively high mean wall shear stress, which corresponds to the atheroresistant region. 34, 35 To determine whether BMP antagonists were expressed in a flow-dependent manner in arterial ECs, we carried out immunohistochemical analyses with the specific BMP4 and antagonist antibodies in 3 different locations of mouse aortas: the LC, the GC, and the straight part of the thoracic aorta. Detectable levels of BMP4, follistatin, noggin, and MGP were found in ECs that line the LC (arrows in the upper panels of Figure 3B ) but not in those in the GC (lower panels in Figure 3B ) and straight thoracic aortas ( Figure 3C ). Unlike in the endothelium, BMP4 and several BMP antagonists (follistatin, noggin, MGP, chordin, CV-2, and DAN) were all easily detected in the medial layers of the aortas (indicated by arrowheads in Figure 3 , B and C). Staining with a platelet endothelial adhesion molecule-1 antibody indicated the presence of ECs ( Figure 3C ). In addition, we performed en face staining for BMP4 and noggin in the same 3 different locations (GC, LC, and the thoracic aorta) of mouse aortas ( Figure 3D ). BMP4 and noggin were abundantly expressed in the LC compared with the GC, which showed faint but still detectable staining, and the thoracic aorta, which was almost undetectable. The BMP4 and noggin antibodies stained only the endothelium of the mouse aortas and not smooth muscle cells as shown by the orthogonal image (Data Supplement Figure I ). Because the follistatin and MGP antibodies were not effective on formalin-fixed tissues, we were not able to determine their expression by en face staining. These results demonstrate that BMP4 and 3 BMP antagonists (follistatin, noggin, and MGP) were coexpressed in mouse aortic endothelium exposed to disturbed flow conditions but not in endothelium exposed to undisturbed flow. These data from mice are consistent with the in vitro findings shown in Figure 2 .
Coexpression of BMP4 and the BMP Antagonists Follistatin and Noggin in Human Atherosclerotic Lesions
We next determined whether the BMP antagonists follistatin and noggin were expressed along with BMP4 in human coronary arteries and whether their expression levels correlated with the degree of atherosclerotic lesion development. Serial sections of human coronary arteries that contained various stages of atherosclerotic lesions were stained with anti-BMP4, anti-follistatin, anti-noggin, and anti-platelet endothelial adhesion molecule-1. As shown in the low-magnification images ( Figure 4A ), BMP4, follistatin, and noggin were easily detected in the medial layer regardless of the disease stage, and their expression levels tended to increase as the disease progressed. Examination of highmagnification images ( Figure 4B ) revealed the expression of BMP4, follistatin, and noggin in the intimal endothelium (arrows) as well. Although type I lesions (American Heart Association classification) showed faint BMP4 staining in the intimal endothelium, the staining intensity showed an apparent increase as the lesion progressed to types II through VI. We have shown previously that BMP4 expression is difficult to detect in nondiseased human coronary arterial ECs. 10 Follistatin and noggin were not detected in early lesions (type I and II), but they were detected in advanced lesions (types IV and VI). Consistent with the mouse immunohistochemistry data (Figure 3) , human samples also showed an apparent correlation between BMP4 and BMP antagonist expression in the endothelium overlying atherosclerotic lesions, especially in advanced lesions.
OS Increases Noggin and Follistatin Expression in BAECs by the BMP4-Dependent and -Independent Mechanisms, Respectively
The in vitro and mouse and human arterial immunohistochemical data indicated that BMP4 and BMP antagonists are coexpressed in ECs exposed to OS in vitro and in the endothelium exposed to disturbed flow conditions in the atheroprone regions. These were surprising findings, as we initially hypothesized the opposite-that OS would stimulate the expression of BMP4 while it downregulated BMP antagonists. One possibility is that BMP4, induced by OS in ECs, would stimulate the expression of BMP antagonists as part of a negative feedback mechanism. To examine this hypothesis, we measured the mRNA (Data Supplement Figure II ) and protein levels of BMP4, follistatin, or noggin in BAECs treated with either siRNA or recombinant proteins.
First, treatment of BAECs with siRNA specific for BMP4, noggin, or follistatin, but not by nonsilencing control siRNA, knocked down the expression of cognate protein levels as determined by Western blot analyses with the cell lysates or conditioned media ( Figure 5A ). We then determined whether knockdown of each protein had any effect on the expression of the other 2 antagonists ( Figure 5A ). BMP4 siRNA reduced noggin expression but not follistatin. Noggin siRNA had no effect on BMP4 or follistatin expression. Similarly, follistatin siRNA had no effect on BMP4 or noggin expression.
Conversely, treatment of ECs with r-BMP4 increased noggin expression but not follistatin expression in a dosedependent manner ( Figure 5B) . However, treatment with r-noggin had no effect on BMP4 or follistatin expression, and treatment with r-follistatin had no effect on BMP4 or noggin expression. These results suggested that BMP4 regulates expression of noggin but not follistatin.
Next, we determined whether OS-dependent follistatin and noggin expressions were regulated in a BMP4-dependent manner. For the present study, BAECs treated with BMP4 siRNA or nonsilencing siRNA were exposed to OS for 1 day. BMP4 siRNA knocked down BMP4 levels as expected, and it also inhibited noggin expression but not follistatin ( Figure 5C ). These results suggest that OS induces the expression of BMP4, which in turn increases noggin expression. In contrast, OS increases follistatin expression in a BMP4-independent manner.
Role of BMP Antagonists as a Negative Feedback Mechanism Against Excessive Inflammation by OS
As described above (Figure 5) , we examined the first half of our hypothesis that BMP4, produced in response to OS, would stimulate the expression of noggin and follistatin as part of a negative feedback mechanism to prevent ECs from overactivation. We tested the second half of the hypothesis with regard to the negative feedback mechanism. To that end, we treated BAECs with noggin or follistatin siRNA, as shown in Figure 5 , and examined whether knockdown of the BMP antagonists enhanced monocyte adhesion induced by OS or BMP4. As expected, 10,11 exposure of ECs to LS inhibited monocyte adhesion, whereas exposure to OS or BMP4 for 1 day increased it above the static control ( Figure 6, A and B) . OS-induced monocyte adhesion was blocked by BMP4 siRNA treatment ( Figure 5C ), as shown previously. 10, 11 In contrast to the BMP4 siRNA, knockdown of either follistatin or noggin significantly increased monocyte adhesion above those of nonsilencing control groups in both static and OS-exposed cells ( Figure 6C ). Concurrent knockdown of follistatin and noggin further in- Figure 4 . Expression of BMP4, follistatin, and noggin in human atheromatous coronary arterial endothelium. Serial frozen sections obtained from human coronary arteries with varying degrees of atherosclerosis (type I through VI) were stained with BMP4, follistatin, noggin, and platelet endothelial adhesion molecule-1 and observed under fluorescence microscopy as in Figure 3 . A, Overall staining patterns of each section at low magnification (ϫ10); B, zoomed views of the indicated areas (broken boxes). BMP4, follistatin, noggin, and platelet endothelial adhesion molecule-1 staining in each section is shown as red (rhodamine-conjugated secondary antibody); blue and green indicate DAPI staining for nuclei and autofluorescence of vessel wall matrix, respectively. ECs are marked with arrows. L indicates lumen.
creased monocyte adhesion in both static and OS-exposed cells above those of individual knockdowns, which suggested an additive effect of the 2 antagonists.
Conversely, r-noggin added to the culture media inhibited monocyte adhesion induced by OS, which confirmed our previous findings. 10, 11 Treatment with r-follistatin and/or r-noggin also decreased monocyte adhesion to a similar degree in both OS and static cells ( Figure 6B ). Together, these results suggest that noggin and follistatin coexpressed with BMP4 in ECs in response to OS acted as inhibitors of the BMP4-dependent monocyte adhesion, which supports the hypothesis of a negative feedback mechanism.
Discussion
We present several novel and unexpected findings with regard to the expression of BMP antagonists in ECs. First, 3 BMP antagonists (noggin, follistatin, and MGP) were coexpressed with BMP4 in cultured ECs exposed to OS, whereas LS decreased their expression. Second, and similarly, BMP4 and the 3 BMP antagonists (follistatin, noggin, and MGP) were expressed in the endothelium located in disturbed flow regions (atheroprone regions), but not in stable flow regions (atheroresistant regions) in mouse aortas. Third, in human coronary arterial endothelium, BMP4 and 2 BMP antagonists (follistatin and noggin) were also coexpressed, showing an apparent increase as the atheromatous lesions became more advanced. Fourth, OS upregulated noggin and follistatin expression in BMP4-dependent and -independent mechanisms, respectively. Fifth, the BMP antagonists coexpressed with BMP4 acted as inhibitors of a BMP4-dependent inflammatory response, which suggested negative feedback regulation of BMP4 action by the antagonists.
Although noggin is known as a specific regulator of BMP4 activity, follistatin has not been investigated as a BMP4 antag- Figure 5 . Expression of noggin and follistatin by OS is mediated in a BMP4-dependent and -independent manner, respectively. A, BAECs were transfected with siRNA specific for BMP4, noggin, or follistatin, or with nonsilencing (NS) siRNA as a control (100 nmol/L). B, BAECs were treated with recombinant BMP4 (r-BMP4), recombinant follistatin (r-follistatin), or recombinant noggin (r-noggin) for 24 hours as indicated. C, BAECs treated with BMP4 siRNA or NS for 2 days were further exposed to OS for 24 hours. After treatment, conditioned media or cell lysate was analyzed by Western blot to determine BMP4, follistatin, or noggin expression with use of actin as an internal control. Figure 6 . Exogenously added r-follistatin or r-noggin inhibits OS-induced monocyte adhesion, whereas knockdown of endogenous follistatin or noggin increases such adhesion. A and B, BAECs were exposed to static, LS, or OS conditions for 24 hours in the absence or presence of vehicle, r-follistatin, and/or r-noggin (50 ng/mL each). C, Two days after transfection with siRNA specific for follistatin and/or noggin along with a nonsilencing (NS) siRNA (30 nmol/L each), BAECs were exposed to static or OS for 24 hours. onist. It is interesting to find that BMP4 regulates only noggin but not follistatin ( Figure 5 ). Although we do not understand the underlying mechanisms responsible for the differential regulation, it suggests a potential specific relationship of BMP4 with noggin but not with follistatin. Noggin is well established as a specific BMP antagonist with a dissociation constant (K d ) of 20 pM, 26 whereas follistatin is known as an activin antagonist. 28 Nevertheless, our present study suggests that follistatin can also act as a BMP4 antagonist. Our finding that follistatin expression is upregulated along with BMP4 in ECs exposed to unstable flow conditions in vitro and in vivo suggests that it may have a pathophysiological role as a specific BMP4 antagonist.
In the present in vitro study, as in most other studies in this field, we used the static culture condition as a "control", "normal", or "100%" and compared the effects of LS and OS to it. However, it is important to note that the static condition is not "normal"; static cells are partially inflamed or activated ( Figure 6A ) and may represent pathological conditions such as flow cessation because ECs are constantly exposed to flow conditions in vivo. In vivo studies, including the present study, refer to the data obtained from stable flow regions as "normal", whereas those from disturbed flow regions are referred to as "activated" or "inflamed". Therefore we feel that it is most appropriate to use LS as the control against which to compare the OS results. If we do, then the in vitro effects of OS versus LS reported in the present study become much more pronounced. For example, Figure 6 would show that OS stimulates monocyte adhesion by Ͼ4-fold above that of LS-exposed cells, rather than an Ϸ90% increase above the static control as we discussed in the Results. Similarly, Figure 2 would show that OS stimulates expression of BMP4 and BMP antagonists by Ͼ20-fold above that of LS control.
The importance of LS as a control becomes more apparent when we compare the in vitro results to in vivo findings with mouse aortas (Figure 3) . The mouse data clearly demonstrate distinct differences in the expression levels of BMP4, follistatin, noggin, and MGP in ECs according to the flow conditions (ie, disturbed versus stable flow regions). These proteins were detected only in ECs located in the flow-disturbed regions (LC), not in the stable flow areas (GC and the straight thoracic aorta). The flow-disturbed areas also corresponded to atheroprone regions, 34, 35 which suggests a link between disturbed flow, BMP4, its antagonists, and atherosclerosis. The human atheromatous coronary artery data (Figure 4 ) provide further supporting evidence for this link. As we have shown previously, 10 BMP4 expression was identified in ECs of diseased human coronary arteries but not in nondiseased arteries. The present study further shows an apparent correlation between endothelial BMP4 expression and lesion progression. Moreover, it is interesting to note that noggin and follistatin expressions were apparent only in advanced lesions (types IV to VI) but not in earlier lesions. These findings raise an interesting question as to whether there is any pathophysiological relationship among disturbed flow, the balance between BMP4 and BMP antagonists, and atherosclerosis.
What is the pathophysiological significance of the coexpression of BMP4 and BMP antagonists in ECs exposed to disturbed flow conditions both in vitro and in vivo? The BMP antagonists appear to serve a negative feedback role, by partial inhibition of the inflammatory responses mediated by BMP4 in ECs exposed to disturbed flow. The most direct line of evidence to support this hypothesis is the finding that knockdown of noggin or follistatin increased monocyte adhesion induced by OS ( Figure 6C ).
On the basis of our findings, we propose the following working hypothesis: ECs exposed to chronic disturbed flow conditions produce BMP4, which increases reactive oxygen species production from the NADPH oxidase and subsequently induces intercellular adhesion molecule-1 expression and monocyte adhesion. Perhaps coproduction of BMP antagonists in response to disturbed flow partially limits the inflammatory response and atherosclerotic lesion development to a minimum. Under continuous proatherogenic insults, which include disturbed flow and other factors such as hypercholesterolemia, hypertension, diabetes, and smoking, the balance between BMP4 and BMP antagonists may change to favor more proinflammatory BMP4 actions. Foam cell lesions and more advanced atherosclerotic lesions, such as BMP4-mediated calcification of medial cells, would then ensue.
In conclusion, we have shown for the first time that ECs coexpress BMP antagonists along with BMP4 in response to disturbed flow conditions and that these antagonists seem to play a negative feedback role against the inflammatory response of BMP4. In addition, coexpression of BMP4 and the antagonists in ECs located in the flow-disturbed regions and atherosclerotic lesions suggests that they may be used as novel biomarkers of inflammation and atherosclerosis.
